1. Introduction {#sec1}
===============

Idiopathic generalized epilepsy (IGE) is characterized by bilateral spike--wave epileptiform discharges on electroencephalography (EEG), and recurrent generalized seizure types including absence, myoclonic, and/or generalized tonic--clonic seizures (GTCS). The classical EEG abnormalities simultaneously involve widespread, bilateral brain networks. IGE syndromes are defined primarily by predominant seizure types and age of onset. These include childhood and juvenile absence epilepsy, juvenile myoclonic epilepsy (JME), and generalized tonic--clonic seizures (GTCS). While classification systems emphasize differences between IGE subtypes, many phenotypic features are shared, most notably EEG features, and coexistence of multiple seizure types. For example, \~85% of JME and \~50% of absence epilepsy cases develop GTCS ([@bb0030]). Some patients begin with one syndrome (e.g., childhood absence) and later evolve into another syndrome (e.g., JME), while others straddle syndromes (e.g., JME and GTCS). All exhibit normal brain morphology on visual inspection of clinical magnetic resonance imaging (MRI).

While normal clinical MRI is typically required for a diagnosis of IGE, emerging quantitative MRI analysis techniques have shown subtle structural changes between patients with IGE and controls in cortical and subcortical structures, though the findings are inconsistent among studies. Thalamic volumes in IGE patients have been shown to be decreased ([@bb008]; [@bb0025]; [@bb0023]; [@bb0013]; [@bb0015]), increased ([@bb009]) or normal ([@bb007]; [@bb0031]). Similarly, cortical thickness or volume in IGE has been shown to be increased ([@bb0025]; [@bb0024]; [@bb0011]), decreased ([@bb008]) or normal ([@bb007]; [@bb0031]). To a degree, these variable findings may be explained by the use of different sample sizes and different methodologies such as voxel based or deformation-based morphometry, or manual tracing.

In contrast to uncertainty concerning subtle structural brain abnormalities in IGE, there is an extensive body of research indicating abnormal *function* of frontal and thalamic brain regions in IGE ([@bb0036]). Electrophysiology studies first demonstrated frontal lobe dysfunction in IGE ([@bb0028]). Aberrant thalamic activity and specific cortical changes occurring primarily in the frontal lobe suggest that dysregulated thalamo-cortical interactions generate or propagate seizures ([@bb003]). The synchronous EEG activity underlying spike--wave discharges correlates with oscillatory patterns involving interconnected cortical and thalamic neurons ([@bb002]). Debate continues whether seizures in people with IGE arise from the cortex, subcortex (e.g., thalamus) or simultaneously in a cortical--subcortical network.

More recent work has applied new techniques such as blood oxygen level dependent (BOLD) functional MR imaging (fMRI) to understanding the basis of IGE. Analysis of low frequency oscillations of the BOLD signal in the 0.01--0.08 Hz range from fMRI reliably assesses the resting state, when cognitive and physical demands are removed. This time course correlates synchronous, spontaneous activity that underlies strengthened synaptic connectivity between distant brain regions ([@bb0010]; [@bb006]). Using resting state functional connectivity (RSFC), we showed that the anterior medial prefrontal cortex (amPFC) was abnormally integrated in the default mode network in IGE patients ([@bb0029]). While the majority of RSFC studies focus on correlations in the time course of low frequency oscillations across brain regions, it is also possible to interrogate regional brain function by quantifying the *amplitude* of these oscillations to identify abnormal activity at rest that disrupts functional architecture ([@bb0010]; [@bb0039]). The amplitude of low frequency fluctuations (ALFF) has a neuronal basis and is decreased in disorders that arise from a localized abnormality (e.g., temporal lobe epilepsy (TLE)) ([@bb0040]) and the more widespread disorders (e.g., attention deficit hyperactivity disorder (ADHD)) ([@bb0035]). Abnormalities of the ALFF have been shown in thalamic and prefrontal cortex in IGE ([@bb0038]). The fractional ALFF, or fALFF, is used to study the proportional decrease of BOLD fluctuations in the low frequency band, which is thought to reflect spontaneous activity underlying stable, functional connections between distinct brain regions ([@bb0042]).

For this study, we sought to identify functional abnormalities in IGE patients as compared to normal controls using fALFF. We also apply quantitative structural neuroimaging analyses including volumetric, cortical thickness, gray--white contrast and diffusion tensor imaging (DTI) to enable function/structure correlations. Given strong prior evidence for frontal--thalamic abnormalities in IGE ([@bb0023]), we focus on these regions of interest, though also assess whole-brain effects. This study combines structural and functional data to characterize focal and network abnormalities in IGE. We hypothesized that morphologic abnormalities would be restricted to the frontal lobes, specifically the amPFC, while abnormal anatomic connections characterized by decreased integrity of white matter tracts on DTI would exist between the frontal lobes and the thalamus. Finally, we hypothesized that decreased fALFF in thalamic areas would be identified in dysregulated thalamo-cortical circuitry with the frontal lobe. In order to assist future MRI-based studies of IGE, we used power analysis methods to estimate the minimum detectable effect size for each of the methods (structural and functional) used in this study.

2. Methods {#sec2}
==========

2.1. Participants {#sec2.1}
-----------------

Twenty-seven patients with IGE were recruited from the New York University Comprehensive Epilepsy Center (12 women, age range 19.9--49.6 years, mean age 32.2 years) and were age- and sex-matched with 27 normal control subjects recruited from the general population (12 women, age range 20.9--48.6 years, mean age 32.1 years). Patients met criteria for IGE and had no history of developmental delay or structural brain abnormalities. Standard, diagnostic structural imaging studies were normal. Electrophysiologic evaluation with interictal, and in most patients, ictal EEG demonstrated typical generalized epileptiform spikes. Patients with focal epileptiform discharges or focal slowing on EEG were excluded. People with IGE were classified according to the International League Against Epilepsy (ILAE) classification as having absence seizures (37%), myoclonic seizures (59%), or generalized tonic--clonic seizures (78%) ([Table 1](#t0005){ref-type="table"}). All of the study participants diagnosed with IGE were under medical treatment at the time of study, and all gave their written informed consent to participate in this study, which was approved by the Institutional Review Board of NYU Langone School of Medicine.

2.2. MRI scanning {#sec2.2}
-----------------

Subjects underwent scanning on a Siemens Allegra 3 T scanner at New York University Center for Brain Imaging. All fifty-four participants had a T1-weighted MRI sequence optimized for gray--white matter contrast (TR = 2530 ms, TE = 3.25 ms, T1 = 1100 ms, flip angle = 7°, field of view (FOV) = 256 mm, matrix = 256 × 256 × 192, voxel size = 1 × 1.33 × 1.33 mm). Images were corrected for nonlinear warping caused by non-uniform fields created by the gradient coils. Image intensities were further normalized and made uniform with the FreeSurfer (4.0.2) software package. Fifteen people with IGE (8 women, mean age 30.13 years) and 15 age- and sex-matched control subjects (8 women, mean age 29.8 years) underwent resting state scans. We collected 197 contiguous echo planar imaging functional volumes for each subject (TR = 2000 ms; TE = 25 ms; flip angle = 90°, 39 slices, matrix = 64 × 64; FOV = 192 mm; acquisition voxel size = 3 × 3 × 3 mm). All participants were instructed to lie as still as possible with their eyes closed for the duration of the 6 min, 38 s scan. Eighteen people with IGE (8 women, mean age 31.71 years) and 18 age- and sex-matched normal control subjects (8 women, mean age 31.55 years) also had DTI scans. Diffusion-weighted echo-planar MRI were acquired by applying diffusion gradients along 64 directions (*b* value = 1000 s/mm^2^) with the following parameters during the 6-min, 3 s scan (TR = 5500 ms, TE = 86 ms, FOV = 240 mm, slice thickness = 2.5 mm, voxel size = 2.5 × 2.5 × 2.5 mm).

2.3. Image processing and analysis {#sec2.3}
----------------------------------

### 2.3.1. Functional: fractional amplitude of low frequency fluctuation analysis {#sec2.3.1}

Preprocessing steps were carried out using SPM8, ([[http://www.fil.ion.ucl.ac.uk/spm]{.ul}](http://www.fil.ion.ucl.ac.uk/spm){#interref1}) and Data Processing Assistant for Resting-State fMRI (DPARSF) V2.0 Basic Edition ([@bb0014]). The first 10 of 197 time points were removed and slice-timing correction for interleaved acquisition was performed. The volumes were all realigned and linearly normalized to their standard MNI template in 3 mm space. To control for the effects of motion, as well as normal physiologic processes such as cardiac and respiratory rhythms, each participant\'s 4-dimensional (4-D) preprocessed volume was regressed on 9 predictors that modeled nuisance signals from white matter, cerebrospinal fluid and the global signal and 6 motion parameters. Correction for time series autocorrelation (prewhitening) was performed. The images were smoothed with a full-width half maximum Gaussian kernel of 4 mm. The data were then detrended. The time series was transformed to the frequency domain with a fast Fourier transform to obtain the power spectrum.

#### 2.3.1.1. Voxelwise fALFF analysis {#sec2.3.1.1}

We compared the amplitude of the BOLD signal in the bandpass of the power spectrum between 0.01 and 0.08 Hz in patients with IGE and normal control subjects. This bandpass is often used to look at spontaneous neural activity that, when in temporal synchrony with other distinct regions, suggests functional connectivity. The fractional amplitude of the low frequency bandpass at each voxel was calculated by dividing the amplitude of the BOLD signal at the specified bandpass (0.01--0.08 Hz by the amplitude of the entire BOLD signal at that voxel (0.01--0.25 Hz)) ([@bb0042]).

#### 2.3.1.2. Region-of-interest fALFF analysis {#sec2.3.1.2}

Because there is strong evidence for thalamic dysfunction in IGE, we focused specifically on this region. To determine what specific parts of the thalamus show differences in spontaneous activity at this meaningful frequency, we compared the fALFF in bilateral thalamic subregions and entire thalami. Thalamic subregions were determined from the thalamic atlas in FSL ([@bb005]) thresholded at 50%. Subregions of the thalamus that correspond to specific nuclei were classified by determining reciprocal white matter tracts between the thalamus and seven cortical areas including the prefrontal, premotor, primary motor, sensory, temporal, posterior parietal and occipital cortices ([@bb005]). Statistical analysis in SPSS using two-sided *t*-tests of the average fALFF values across all voxels within each identified region was used to determine the subregions that show differences in functional activity between IGE patients and the control group.

### 2.3.2. Structural {#sec2.3.2}

#### 2.3.2.1. Volumetric analysis {#sec2.3.2.1}

FreeSurfer ([[http://surfer.nmr.mgh.harvard.edu]{.ul}](http://surfer.nmr.mgh.harvard.edu){#interref2}) software package was used to segment subcortical structures and generate volumes for these structures. Each voxel is assigned a neuroanatomical label based on probabilistic information from an atlas ([@bb0018]). FreeSurfer measures of right and left thalamic volumes were collected from each subject, as was intracranial volume (ICV) to control for differences in head size. The statistical software package SPSS was used to compare volumetric differences between people with IGE and normal controls. Thalamic volume was modeled as the dependent variable using multiple linear regression and ICV and subject status (i.e., IGE or normal control) were used as independent variables.

#### 2.3.2.2. Cortical thickness analysis {#sec2.3.2.2}

FreeSurfer was used to reconstruct surface models of each subject\'s cortex using T1-weighted anatomic MRI scans. The automated steps to facilitate quantitative cortical measurements include identification and tessellation of both the gray/white boundary and the pial surface of the brain. The folded surfaces are inflated and topological defects corrected. These steps are described in detail elsewhere ([@bb0019]). Estimates of cortical thickness are made by averaging the distance perpendicular from each point on the white matter surface to the pial surface, and the distance from each point on the pial surface to the white matter surface. Maps are smoothed with a Gaussian kernel of 10 mm full width half maximum (FWHM) across the surface and averaged across participants using a spherical averaging technique ([@bb0019]).

##### 2.3.2.2.1. Whole-brain cortical thickness analysis {#sec2.3.2.2.1}

Cortical thickness was measured across the entire cortex and compared on a vertex-wise basis between the IGE group and normal control group, controlling for age. All results were corrected for multiple comparisons using Monte Carlo simulations.

##### 2.3.2.2.2. Region-of-interest amPFC cortical thickness analysis {#sec2.3.2.2.2}

A region of interest (ROI) in the amPFC was identified in a previous study ([@bb0029]) that showed abnormal functional integration with a cortical network, the default mode network (DMN). Given the abnormal resting state functional connectivity of all voxels in this amPFC ROI and previous research showing that the PFC may contribute to the pathogenesis of generalized epilepsy, we specifically interrogated structural and anatomical network properties of this ROI. Cortical thickness values were averaged over the amPFC ROI in each subject and subsequent *t*-tests were employed in SPSS to detect differences between groups.

#### 2.3.2.3. Gray--white contrast {#sec2.3.2.3}

Gray/white matter contrasts are calculated by measuring the image intensity contrast (\[white − gray\] / \[white + gray\]) at 0.5 mm from the white matter surface. Values at each voxel indicate contrast measures, with values closer to zero indicating increased blurring.

##### 2.3.2.3.1. Whole-brain cortical gray--white contrast analysis {#sec2.3.2.3.1}

As with cortical thickness, gray--white contrast was measured across the entire cortex and compared vertex-wise between the IGE group and the normal control group, controlling for age. In addition, thalamic volumes and each of these cortical measures were correlated in each subject to determine if thalamo-cortical morphometric variations differ between each group. Results were corrected for multiple comparisons.

##### 2.3.2.3.2. Focused amPFC ROI cortical thickness analysis {#sec2.3.2.3.2}

As with cortical thickness, GWC values were averaged over the amPFC ROI in each subject and subsequent *t*-tests were employed in SPSS to detect differences between groups. All results were corrected for multiple comparisons using Monte Carlo simulations.

### 2.3.3. Diffusion tensor imaging {#sec2.3.3}

#### 2.3.3.1. Focused thalamus--PFC tractography {#sec2.3.3.1}

DTI analysis was performed using FMRIB\'s Diffusion Toolbox (FDT) (<http://fsl.fmrib.ox.ac.uk/fsl/fsl-4.1.9/fdt/>) implemented in FSL. Briefly, preprocessing of data included correction of both eddy current distortion induced by the gradient coils and simple head motion. Diffusion data were co-registered with T1-weighted images to create brain masks. Vectors were normalized at every voxel and probabilistic tractography was created by modeling crossing fibers using Bayesian estimation of diffusion parameters obtained using sampling techniques. Probabilistic tracts were generated between the thalamus and the amPFC and fractional anisotropy (FA) values at all voxels along the tract were determined. FA reflects the degree to which water diffuses most readily along a specified direction and is used as a measure of tract integrity. Analysis of variance of average FA values across the tracts between the thalamus and amPFC in each group was calculated between the IGE and normal control groups.

#### 2.3.3.2. Whole-brain tract based spatial statistics {#sec2.3.3.2}

Voxelwise statistical analysis of the FA data over the entire brain was carried out using tract based spatial statistics (TBSS), part of FSL. First, FA images were created by fitting a tensor model to the raw diffusion data using FDT, and then brain-extracted using the brain extraction tool (BET) in FSL. All subjects\' FA data were then aligned into a common space using the nonlinear registration tool FNIRT, which uses a b-spline representation of the registration warp field. Next, the mean FA image was created and thinned to create a mean FA skeleton, which represents the centers of all tracts common to the group. Each subject\'s aligned FA data were then projected onto this skeleton and the resulting data subjected to voxelwise cross-subject statistics. A permutation algorithm (randomize, within FSL) was used for inference testing, and a total of 500 permutations were conducted. Both uncorrected and family-wise error (FWE) --corrected *p*-value images were generated using a threshold-free cluster enhancement (TFCE) approach.

2.4. Minimal detectable differences {#sec2.4}
-----------------------------------

For each metric specified above, the minimal detectable difference was calculated using standard power analysis methods with the following parameters: alpha = 0.05, power = 0.8, two sample *t*-test, two sided distribution, and calculated using the "power.t.test" function provided with the software package "R". The power of a statistical comparison is defined as 1 --- beta, where beta is the false negative rate of the test. The typical community accepted standard for power is 0.8. We calculated the minimum difference that could be detected for each comparison using a power level of 0.8. For each metric the standard deviation was estimated separately for IGE and control groups then averaged. These measurements allow us to estimate the minimum effect size difference between IGE subjects and controls that can be detected using our study design.

3. Results {#sec3}
==========

3.1. Functional {#sec3.1}
---------------

### 3.1.1. fALFF {#sec3.1.1}

Fractional amplitudes of low frequency fluctuations in the 0.01--0.08 Hz range compared to the entire detectable signal range (0--0.25 Hz) were averaged over every voxel in each of the seven thalamic subregions and the entire thalamus in each subject. The subregion that is connected structurally to the prefrontal cortex (PFC subregion) showed significant reductions (*p* = 0.023) in the fALFF values in IGE patients compared to controls ([Fig. 1](#f0005){ref-type="fig"}). fALFF differences in other subregions and the entire thalamus failed to reach significance.

Because the prefrontal subregion of the thalamus showed significant differences in fALFF, the fALFF in the amPFC ROI that is abnormally integrated into the DMN was examined. IGE patients showed decreased fALFF (M = 0.350, SD = 0.019) in this region compared to normal controls (M = 0.363, SD = 0.030), however this difference failed to reach statistical significance (*t*(28) = 1.378, *p* = 0.179).

3.2. Structural {#sec3.2}
---------------

### 3.2.1. Volumetric {#sec3.2.1}

Thalamic volume did not differ between patients with IGE and controls. Left thalamic volumes for those with IGE and normal controls were 6940 and 6744 mm^3^, respectively (*p* = .299). Right thalamic volumes for IGE and normal controls were 6982 and 7027 mm^3^, respectively (*p* = .814). ICV was a predictor of both left and right thalamic volumes (*p* \< 0.001), but a history of epilepsy was not predictive of left thalamus volume (*p* = 0.599) or right thalamus volume (*p* = 0.232). [Fig. 2](#f0010){ref-type="fig"} depicts the distribution of thalamic volumes in patients with IGE and normal controls.

### 3.2.2. Cortical thickness and gray--white contrast {#sec3.2.2}

Both average cortical thickness and GWC were preserved in the amPFC ROI ([Fig. 3](#f0015){ref-type="fig"}). The average cortical thickness in the amPFC in normal controls was 2.698 mm and in patients with IGE it was 2.697 (*p* = 0.98). The average GWC in this region was 0.132 in normal controls and 0.133 in IGE patients (*p* = 0.65). To explore possible cortical differences located elsewhere in the brain, a whole-brain analysis of cortical thickness and gray--white contrast measures was performed. No significant differences were identified, when results were corrected for multiple comparisons with Monte Carlo simulations. Correlations between thalamic volumes and cortical thickness also revealed no differences between the two groups when corrected for multiple comparisons using Monte Carlo simulations.

Cortical thickness and GWC measures are normal throughout the brain in patients with IGE. No differences between the patient and control groups were seen in the cortical gray--white contrast throughout the cortex after correction for multiple comparisons and controlling for age.

3.3. DTI {#sec3.3}
--------

The tracts generated from the thalamic prefrontal subregion ([@bb005]) to the prefrontal cortex are shown in [Fig. 4](#f0020){ref-type="fig"}. The tractography generated in each subject from the thalamus to the amPFC showed viable neuronal tracts, determined by normal FA values along the radiations, in both epilepsy patients and normal controls. Scatter plots of each subject\'s FA values averaged along all tracts are shown. Tract integrity is preserved along this anterior thalamic radiation bilaterally in patients with IGE.

Tract based spatial statistics was used in group comparisons to study FA values along skeletonized white matter tracts throughout the brain. Analysis using TBSS showed no differences between FA values along any of the skeletonized tracks throughout the brain, using threshold-free cluster enhancement to correct for family-wise errors.

3.4. Minimal detectable differences {#sec3.4}
-----------------------------------

No differences were observed in IGE for any of the structural measures used in this study. In order to assist future studies, we conducted power analyses to estimate the minimum difference between IGE and controls that would be required to exist for our study design to detect these differences. These measures are summarized in [Table 2](#t0010){ref-type="table"}. For example, we estimate that our study was able to detect a 0.14 mm cortical thickness difference between IGE subjects and controls in the amPFC region.

Estimates of minimum detectable effect size for each of the measures used in this study. Units are provided for measures with associated spatial dimensions (cortical thickness and thalamus volume). No differences were identified with any morphometric analyses in this study; therefore if any differences in these properties exist in IGE they are likely to be less than the values provided (amPFC = anterior medial prefrontal cortex; fALFF = fractional amplitude of low frequency fluctuations; GW = gray-- white).

4. Discussion {#sec4}
=============

Our structural and functional studies of thalamic--prefrontal network integrity in IGE patients identified only functional differences. Anatomic integrity was maintained in both thalamic size and cortical measures including thickness and GWC. Axon tracts between these areas as determined by DTI were not compromised in the patient group, suggesting that these structural connections are intact in IGE. While cortical and thalamic structures in IGE are morphometrically normal, abnormal rest function (i.e., decreased fALFF of the BOLD signal) was detected in the thalamic subregion that is structurally connected with the prefrontal cortex.

4.1. Morphometry --- thalamic volumes, cortical thickness and gray--white contrast {#sec4.1}
----------------------------------------------------------------------------------

IGE is characterized by normal MRI on visual inspection and there are no commonly accepted cellular changes attributable to generalized epilepsy. We did not identify any significant differences in cortical thickness, gray--white contrast measures, or thalamic volumes, when compared to age-matched controls in our study population. These findings support the view that IGE brains resemble healthy controls, within the spatial resolution limits of the structural MRI acquired in this study. In focal epilepsy, these imaging measures often identify focal cortical dysplasia or epileptogenic tissue ([@bb0034]). We specifically examined the morphometry measures in a ROI in the amPFC because atypical PFC signaling with the thalamus is implicated in IGE and this area is abnormally integrated with the DMN ([@bb0029]). However, there were no structural differences in the amPFC, and further whole-brain analyses failed to show morphometric differences throughout the brain.

Our study found normal thalamic volumes in IGE. While cortical thinning and thalamic volume loss would support the concept that thalamo-cortical networks are abnormal in IGE based on morphometric changes ([@bb0017]), other studies have failed to identify consistent thalamic structural abnormalities in IGE ([@bb007]; [@bb0031]). Our findings suggest that morphometric changes may not correlate with the physiologic abnormalities present on electroencephalographic recordings in IGE.

4.2. Thalamic--prefrontal network {#sec4.2}
---------------------------------

Despite normal brain morphometry in IGE, abnormal prefrontal--thalamic network function likely underlies seizure generation. During spike-and-wave bursts, EEG--fMRI shows an association between increased thalamic activity and decreased BOLD fluctuations in frontal regions ([@bb001]; [@bb0020]). Stimulation of either the thalamus ([@bb0021]) or the frontal cortex ([@bb004]) elicits spike--wave phenomena suggesting that the connections between these two areas are essential for initiation or propagation of epileptiform activity.

The anterior thalamic radiation (ATR) carries nerve fibers between the thalamus and the prefrontal cortex in the anterior limb of the internal capsule. Decreased integrity of ATR, attributed to decreased fractional anisotropy occurs in other neuropathologies with frontal lobe dysfunction ([@bb0026]). Given the concomitant aberrant functioning in the thalamus and PFC in IGE, we examined the integrity of this tract in IGE but found no differences in FA values in the ATR between patients and controls. The lack of differences in this neuronal bundle suggests that the integrity of tracts is not a contributing factor to network abnormalities in IGE. Skeletonized tracts showed no differences in FA values implying that tract integrity is maintained throughout the brain in these patients. Their integrity may be crucial for widespread propagation of abnormal epileptiform discharges in widely distributed cortical networks.

4.3. Focal functional differences {#sec4.3}
---------------------------------

Decreases in the fALFF in a specific thalamic subregion provide initial evidence of functional abnormalities in this subcortical structure at rest. Differences in the amplitude of the BOLD signal have been found in several neuropathologies ([@bb0041]; [@bb0022]). While these low frequency oscillations identify resting state networks, they may also correlate with or entrain faster EEG bands ([@bb0012]). The slow oscillations (\<0.1 Hz) are correlated with changes in the amplitude of EEG alpha rhythms ([@bb0027]). Abnormalities in these slow oscillations may precipitate certain types of seizures ([@bb0037]).

Low frequency fluctuations are an integral component of activity in the thalamus and are present in thalamic firing during the generation of cyclic paroxysms, as seen in experimental electrographic recordings of seizures in cats ([@bb0032]). The decrease in fALFF in the PFC thalamic subregion suggests that this cyclic, spontaneous activity in either intrathalamic or thalamocortical neurons is abnormal. This functional pathology may underlie spike-and-wave discharges that spread throughout the entire cortex. However, the normal thalamic--frontal connectivity findings are not directly consistent with a network-level disorder and suggest that local fALFF changes related to IGE can occur independent of network changes. Our observed difference in the fALFF in the thalamus is contrary to previously reported findings from Wang et al. who observed *increased* fALFF in the thalamus ([@bb0038]). These differences may be explained by the specific regions interrogated, i.e., thalamic subregions vs. the entire thalamus. The present study shows *decreased* fALFF in the prefrontal subregion of the thalamus, while Wang et al. also showed decreased fALFF in the mPFC.

Individual thalamic nuclei cannot be discerned by 3 T MR imaging. Based on the tractography projections ([@bb005]), thalamic subregions showing decreased fALFF values correspond to specific nuclei. The mediodorsal nucleus is connected to the prefrontal cortex via the anterior thalamic peduncle ([@bb0033]). Since the prefrontal cortex may help generate spike-and-wave activity, identifying functional aberrations at rest in a thalamic nucleus with reciprocal connections with prefrontal cortex strengthens the notion that this cortico-thalamic circuitry is etiologically involved in IGE.

Evidence of abnormalities in voltage gated channels in thalamic neurons may partly explain thalamic functional differences seen ([@bb0032]). GABAergic neurons of the reticular nucleus and T-type Ca^2+^ currents in thalamocortical relay cells are among several channelopathies implicated in the cortical spike-and-wave phenomena of generalized seizures ([@bb0016]). The cyclic gating of these channels, specifically the de-inactivation of the T-type Ca^2+^ channel and feedback inhibition of the GABAergic neurons, may contribute to the coordinated firing of spike--wave discharges propagated to the cortex. Since low frequency oscillations reflect network coupling and cortical inputs to the thalamus in part mediate the cyclic nature of thalamic activity, decreased fALFF in the prefrontal subregion of the thalamus suggests that a fronto-thalamic network contributes to uncontrolled gating of neuronal activity that causes epileptic activity.

5. Conclusions {#sec5}
==============

This study employs functional and anatomic analyses of MRI scans to detect focal and network abnormalities in IGE. The functional differences described here are drawn from the BOLD signal, a hemodynamic correlate for neuronal activity, during interictal intervals. Changes in low frequency oscillations at rest highlight abnormalities that potentially set the stage for a spontaneous onset of seizure activity that propagates throughout the cortex seemingly instantaneously. While these advances in MRI analysis techniques provide important information about underlying pathology in epilepsy, further studies of electrophysiology and channelopathies in specific thalamic nuclei will elucidate further the primary pathology contributing to epileptogenesis in IGE.

6. Limitations and future directions {#sec6}
====================================

The primary findings of this study reflect functional differences in subdivisions of the thalamus, suggesting that focal, functional abnormalities contribute to, or result from seizures in IGE. In 3 T MRI, individual thalamic nuclei cannot be discerned. An atlas of thalamic subregions ([@bb005]) provides an approximate map of different nuclei but is based on structural connectivity with different cortical regions and does not reflect functional regions of the thalamus. Furthermore, all images from subjects are co-registered to a standard brain before analyses are performed, yielding it impossible to study functional differences in subregions specific to each subject. Future studies that incorporate higher power imaging, such as 7 T MRI might improve identification of thalamic nuclei in individual subjects and would lend themselves better to studying functional differences in these areas.

Our inability to discern structural differences between IGE patients and controls using anatomic measures such as cortical thickness, gray--white contrast thalamic volumes and DTI could relate to small sample size; the possibility of subtle differences, which have been detected in some studies, cannot be ruled out. However, functional measures seem to be more sensitive to changes in IGE supporting their use as imaging biomarkers. We have provided estimates of the minimum detectable difference for each of the measures used in this study ([Table 2](#t0010){ref-type="table"}). Future studies investigating morphometric differences in IGE should take these estimates into account by planning increased sample size accordingly or using methods with higher sensitivity. Methodological improvements that may provide this increased sensitivity could include higher spatial resolution or high contrast imaging for cortical thickness, thalamic volume and GW contrast; or the use of more recent advanced diffusion MRI methods for improved discrimination of white matter fiber tracks.

Furthermore, we are unable to rule out cellular changes that might not affect macroscopic morphometry. Microscopic changes that leave the cortical ribbon and thalamus intact would not be detected with the MRI analysis techniques presented here.

Though the pathogenesis underlying IGE has historically been considered nonlocalizable, our results suggest that there may be a focal functional abnormality of thalamic--PFC network. Future studies of this network may provide a path towards targeting treatment options in patients with medically refractory IGE, including guiding development of novel surgical or other treatments to normalize aberrant thalamic connectivity. Emerging imaging techniques including fMRI analyses, and magnetoencephalography (MEG) will advance the understanding of the primary pathology underlying seizures in generalized epilepsy.

![A. Thalamic subregions based on axonal projections to specific cortical regions are depicted. B. Average fALFF values in the 0.01--0.08 Hz bandpass in normal controls and patients with IGE are shown in this graph. In the prefrontal subregion patients with IGE showed reduced fALFF values compared to controls.](gr1){#f0005}

![Box plots of the right and the left thalamus show volumes in IGE subjects and normal controls. There are no significant volumetric differences between the two study groups.](gr2){#f0010}

![The amPFC ROI, identified as having abnormal resting state is shown A. on a volumetric scan and B. projected onto the pial surface of the inflated pial surface in both left and right hemispheres. C. There were no significant differences in cortical thickness or gray--white contrast in this ROI between patients with IGE and normal controls shown in the box plots.](gr3){#f0015}

![A. Thalamic white matter tracts from the prefrontal subregion of the left thalamus to the amPFC in a representative subject are shown here in patient diffusion space. Scatter plots depict the distribution of average FA values from all normal controls and IGEs within the tracts with mean and standard error of the mean illustrated, for B. the left hemisphere and C. the right hemisphere. No differences in tract integrity across all IGE subjects and normal controls were significant.](gr4){#f0020}

###### 

IGE subject sex, age, age at epilepsy onset, epilepsy duration, seizure type(s) and scans acquired for analysis purposes.

       Demographics   Seizure types   MRI scans                              
  ---- -------------- --------------- ----------- ------ --- --- --- --- --- ---
  1    M              28.6            15          13.6       X   X   X       
  2    F              40.9            10.1        30.8   X       X   X       
  3    M              30.0            0.9         29.1       X       X       
  4    M              46.3            12          34.3       X   X   X       
  5    M              25.5            2.9         22.6   X   X   X   X       
  6    F              41.0            15          26             X   X       
  7    M              29.5            10          19.5           X   X       
  8    F              27.5            19          8.5    X   X       X       
  9    M              26.3            5           21.3   X   X   X   X   X   X
  10   M              49.6            19          30.6       X       X       X
  11   F              48.7            17          31.7   X   X   X   X   X   X
  12   M              47.4            16          31.4           X   X   X   X
  13   M              27.5            19.8        7.7        X       X       X
  14   F              32.1            20          12.1           X   X   X   X
  15   F              22.8            13          9.8    X   X       X   X   X
  16   M              19.9            14          5.9                X       X
  17   F              21.7            18.1        3.6    X       X   X   X   X
  18   F              28.3            22          6.3        X   X   X       
  19   F              38.8            12          26.8       X   X   X   X   X
  20   M              27.7            1.5         26.2           X   X   X   X
  21   M              35.6            9           26.6   X       X   X   X   X
  22   M              36.3            31          5.3            X   X   X   X
  23   M              25.7            12.5        13.2       X   X   X   X   X
  24   F              24.7            15.1        9.6    X   X   X   X   X   X
  25   M              20.6            15          5.6            X   X   X   X
  26   F              37.9            14          23.9       X   X   X   X   X
  27   F              27.6            9.8         17.8   X   X   X   X   X   X

###### 

Estimates of minimum detectable effect size for each of the measures used in this study. Units are provided for measures with associated spatial dimensions (cortical thickness and thalamus volume). No differences were identified with any morphometric analyses in this study; therefore if any differences in these properties exist in IGE they are likely to be less than the values provided (amPFC = anterior medial prefrontal cortex; fALFF = fractional amplitude of low frequency fluctuations; GW = gray--white).

  Measure                 Region            Minimum detectable difference   n per group
  ----------------------- ----------------- ------------------------------- -------------
  Cortical thickness      amPFC             0.14 mm                         27
  GW contrast             amPFC             0.00543                         27
  Thalamus volume         Thalamus          534.54 mm^3^                    27
  Fractional anisotropy   Left thal--PFC    0.024                           17
                          Right thal--PFC   0.034                           17
  fALFF                   Occipital         0.0286                          15
                          Postpar           0.0168                          15
                          Prefrontal        0.0244                          15
                          Premotor          0.0189                          15
                          Primotor          0.0231                          15
                          Sensory           0.0362                          15
                          Temporal          0.0343                          15
                          Thalamus          0.0224                          15
